Lutein and zeaxanthin (L+Z) status is associated with the macular pigment (MP). The relationship between MP and visual function is controversial. We hypothesized that, within the framework of nutrition, visual function was related to MP and nutritional and/or/ dietary factors influencing it. A cross-sectional study was performed in 108 volunteers divided into two age groups (20-35 y; 45-65 y), each 27 women and 27 men, to assess the relationship between macular pigment optical density (MPOD) and contrast threshold (CT), considering the influence of L+Z and, fruit and vegetable (F+V) intake MPOD, L+Z in serum and dietary intake were determined using heterochromatic flicker photometry, HPLC and 3-day food records, respectively. CT was measured with the CGT-1000 Contrast Glaretester at 6 stimulus sizes, with and without glare. Spearman correlation coefficient and a generalized linear model were used for the statistical study. MPOD and CT were lower in younger individuals (p<0.000) and were correlated only in the older group. CT were higher under glare conditions, at the intermediate and smaller visual angles, with greater differences in the older (p<0.003) than the younger group (p<0.014). In the total sample, CT correlated inversely with MPOD (correlation coeficients and p values ranging from -0.245 to -0.152 and from 0.000 to 0.026, respectively) and directly with F+V intake (correlation coeficients and p values ranging from -0.265 to -0.176 and from 0.000 to 0.010, respectively). As predictors of CT in the total sample, MPOD, F+V (every 100g/d) and sex were identified (β coefficients ranged from -0.01 to -1.86 ; from 0.01 to 0.08 and from 0.01 to 0.40, respectively). CT revealed agespecific nutritional predictors: MPOD and serum lutein in the 45-65-y group, and F+V intake in the 20-35-y group.
Introduction
The macula is located roughly in the center of the retina and is responsible for detailed central vision. The yellow coloration of the macula is due to the presence of the macular pigment (MP) in the axons of its photoreceptors [1] which is composed of lutein, zeaxanthin-major carotenoids in the human diet (mainly from fruits and vegetables)-and meso-zeaxanthin, which is believed to be obtained from the dietary lutein in the retina and, in small amounts, from the diet [2] . These carotenoids are found at the macula in higher concentrations than anywhere else in the body. There they can act as antioxidants to protect the eyes from oxidative stresses and as blue light filters [3] [4] . The MP can be measured by a number of techniques, the most widely used noninvasive test being heterochromatic flicker photometry [5] . On the other hand, there is growing evidence suggesting that some food components can attenuate the risk and/or progression of age-related macular degeneration (AMD), a major cause of blindness in the elderly population in the developed world, and lutein and zeaxanthin are among those components [4] .
Numerous studies have measured the MP because incrementing its density has been related to improved visual function [4, 6, 7] and low MP levels are considered a modifiable risk factor for AMD. MP optimizes visual performance in non-diseased eyes because of its prereceptoral absorption of blue light and consequential attenuation of the effects of chromatic aberration and the adverse effect of light scatter [8, 10] . The evidence that the MP carotenoids could improve visual performance is supported by different types of studies, such as those assessing the effect of lutein supplementation on visual performance in patients with cataracts [11] or early stage AMD [7, 12] and in controls [13] , which reported an improvement in visual acuity and a reduction of glare sensitivity. These functional improvements were
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5 consistent with measured increases in MP density [12] , although a relationship between MP and visual acuity was not always found and there were controversial results depending, mainly, on the stimulus conditions used [14] [15] [16] [17] and the ways in which visual function was assessed. In this regard, contrast sensitivity (CS), a measure of the ability of the visual system to distinguish objects of dissimilar luminance, is considered to better reflect overall visual performance than does visual acuity [18] .
Although most of the increasing number of observational and interventional studies designed to assess the relationship between macular pigment optical density (MPOD) and visual performance show a significant relationship between variation in MPOD and immediate effects on visual function [19] , the cause and effect relationship between lutein and zeaxanthin (L+Z) intake and the maintenance of normal vision has not been established.
While it is widely accepted that lutein can increase MPOD in most, but not all, healthy subjects, it has not been established that said increase in MP density be related to vision [20, 21] , or that the consumption of a the combination of L+Z be related to improved vision under bright light conditions [22] . Thus, further studies are needed to examine the relationship between MPOD and visual function in well-characterized groups of individuals and using comparable methodologies.
Taking into account previously cited studies, the hypothesis of the present study is that, within the framework of nutrition, visual function is related to the MP, as well as to the nutritional / dietary factors that influence MP and that that relationship can differ according to the age of the subjects. Thus, the aim of this cross-sectional study was to assess the relationship between MPOD and CS (assessing the contrast threshold [CT]), with and without glare, as a measurement of visual function / performance, in a group of apparently 
Analysis of lutein and zeaxanthin in blood
Lutein and zeaxanthin levels were determined by high-performance liquid chromatography 
Dietary intake assessment
Recent dietary intake was evaluated by 3-day food records involving 24-h recalls, one of which coincided with a weekend or holiday, carried out within a period of 7 to 10 days. For the first recall, the participants underwent a face-to-face encounter with a specialized interviewer, normally the same person who, subsequently, performed the other two recalls by telephone. The amounts consumed were estimated in units (fruits), portions or household servings [27] . On the basis of this information, we calculated food intake in grams/day, which served as the basis for the determination of the daily lutein and zeaxanthin intake using a database that included HPLC analytical data on the carotenoid content of foods [28] , incorporated into a software application for the calculation of dietary intake of individual carotenoids [29] . The procedures and results have been published in detail elsewhere [23].
Statistical analyses
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Sample size calculation was performed on the basis of a mean value for MPOD of 0.40 du. A sample of 108 subjects (SD = 0.10) was found to be necessary to obtain a 10% difference in the MPOD (0.04 du) with 85% power and an alpha error of 0.05.
Data are expressed as the means and standard deviations, medians and 95% confidence intervals (CI). The normal distribution of the data was assessed (Kolmogorov-Smirnov test)
and, as lutein and zeaxanthin in serum and diet and CT did not follow a normal distribution, nonparametric tests were used to compare the values of the variables analyzed. The CS is the inverse of the CT. Correlations among CT and MPOD, fruit and vegetable intake and lutein+zeaxanthin / cholesterol + TG in serum were established using Spearman's rho correlation coefficient.
The statistical models used were generalized linear models (GLM, TWEEDIE distribution and LINK=LOG), with CT (six levels of stimuli, visual angle degrees) as the dependent variable and with fixed factors (sex, age) and covariates (F+V intake, lutein and L+Z / cholesterol+ TG in serum and MPOD). The variables assessed as potential predictors of the CT response were the biochemical parameters (lutein in serum, L+Z / cholesterol + TG) and sex and age (because they were seen to be predictors of MPOD in these subjects, as well as the F+V intake (because, among the biochemical and dietary variables, it was the variable that showed the highest coefficient correlation [ρ=0.350] with MPOD), as previously reported
[23] and MPOD. Interaction was observed for CT (with and without glare), which was influenced by age and sex in the group of older subjects.
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All reported P-values are based on a two-sided test and compared to a significance level of 5%. The SPSS v.23 (SPSS Inc., Chicago, IL, USA) software package was used for all statistical calculations.
Results
The CT data (means ± SD, medians and 95% CI) for each of 6 different degrees of visual angle, with and without glare, are shown in table 1. The lower the CT, the higher the CS level at which a subject could detect each spatial frequency. The CT values were higher with glare than without glare at the intermediate and smaller visual angles (2.5, 1.6, 1.0, 0.7 degrees) and the differences were greater in the older group (p<0.003) than in the younger group (p<0.014). No significant differences were found at the large stimulus sizes (6.3 and 4.0 degrees), with or without glare, within each age group. The differences in CT, with and without glare, between the age groups were significant at every stimulus size, with higher CT in the older vs younger group (p<0.000). The CT values for each stimulus sizes, with and without glare, were highly correlated, the correlation coefficients being higher in the older group (between 0.635 and 0.904; p>0.000) than in the younger group (between 0.251 and 0.696; p<0.001). There was an interaction between sex and CT in the older group. 
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with and without glare, in the older but not in the younger group. The F+V intake was also correlated (in this case, directly) with the CT at any visual angle, except 6.3 degrees without glare, in the total sample, but not when age groups were considered. Regarding the biochemical parameters, only one significant correlation was found between the lutein + zeaxanthin / cholesterol + TG in serum and the CT at 6.3 and 1.0 degrees (without glare), in the younger and older group, respectively. In the older group, three were correlations between CT (4.0, 2,5 and 1.0 degrees, without glare) and serum lutein. 
significant associations at almost all the angles used. In the younger group, only F+V intake (every 100 g/day) was a predictor of CT without glare (at large angles; inverse association) and with glare (at large and intermediate angles; direct association). In the total sample, only MPOD, F+V intake and sex were predictors of CT, with and without glare, at every stimulus size.
Discussion
The present study focuses on the complete sequence of variables involved in the relationship between MPOD and visual function: dietary L+Z intake, the concentration of these carotenoids in blood, MPOD and, as final outcome, visual function, measured by CT. This approach was the strength of this study, and the limitations were mainly related to the optical and ocular variables of the participants -which were self-reported and, thus, not accurately controlled -and to the absence of gold standard techniques or test parameters to assess visual performance [6] , as users of commercially available devices. This also makes it difficult to compare results across studies. Based on the findings, the hypothesis of this study is accepted, as the CT is influenced not only by MPOD, but by biochemical markers of the dietary intake of L+Z, as well. The results also reflect different dietary habits according to age.
The CT in the younger group is lower than in the older group, a finding that agrees with the results of previously published studies that show a decline of CS with age [8] . In our study, CT also differs according to light levels, being higher in the presence of glare, and these differences are more marked in the older group. MPOD is lower in the older than the younger group [23], as it also declines with age [30] (although some authors have reported no differences) [8] . This decline may be attributable to a decrease in the capacity to respond to
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14 carotenoid consumption (in general, the intake is higher among older individuals) and, therefore, to defective capture of circulating carotenoids by the central retina [31] .
MPOD shows significant inverse correlations with CT at every stimulus size, with and without glare, as well as with F+V intake (direct correlation) in the total sample. However, when we divide the sample according to age, CT, with and without glare, is correlated with MPOD only in the older group, in agreement with other studies [6, 8] , as well as with serum L+Z concentration (a short-term biomarker of their status) [32, 33] . In contrast, in the younger group, there are correlations between CT and F+V intake (inverse correlations) and L+Z in serum only at the larger visual angles. It is difficult to explain that, whereas CT is correlated with the MPOD of those subjects whose MPOD is lower (older group), who, on the other hand, have higher serum lutein and zeaxanthin concentrations and higher F+V intake [23] , no correlations are observed in the younger subjects, despite their higher MPOD values and higher CS. A strong correlation between the intake of those foods (but not dietary lutein and zeaxanthin intake) and MPOD has been reported [23, 34] . This suggests that, although fruit and vegetable intake are good markers of lutein and zeaxanthin intake [35, 36] , these foods are important sources of other micronutrients and bioactive compounds that are also beneficial (e.g., fiber and polyunsaturated fatty acid intake are also directly related to MPOD) [34] and may have a role in visual function. However, F+V intake in the overall study sample is directly correlated with CT, and inversely associated with CT (without glare at some visual angles) in younger. We have no explanation for the direct association, as that would mean a worse CT. On the other hand, differences in serum lipid concentrations could be a determining factor in the relationship between MPOD and CT. MPOD is influenced by serum lutein (younger individuals) and by L+Z in relation to circulating lipids (older group) and, although these subjects had serum cholesterol levels within normal range, the older group had The MP is generally related to improvements in glare disability and visual performance [7, 15, 19] , although the relationship between MPOD and visual performance seems to be agedependent, as different correlations are observed in the two age groups in this study.
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According to our findings, the MPOD was indirectly associated with the CT, with and without glare, at every size of stimulus, showing statistical significance in older subjects and with low coefficients. The highest R 2 found are 0.01 in younger and 0.06 in older subjects. On comparing our data with those from healthy young subjects (18-41 y), described by Loughman et al [6] , who reported a r=0.22 as the strongest and most significant relationship between MPOD and CS (for intermediate light levels), the associations found in our young subjects are quite lower; however, the R 2 of the older participants is more comparable.
Besides the methodological differences between studies, it is intriguing to note that we found a statistically significant relationship in the older subjects, but not in the younger ones. Under glare conditions, better correlations are obtained at lower frequencies (large visual angles of 6.3, 4 and 2.5 degrees) in the older group, whereas weaker correlations are obtained at intermediate and high frequencies.
The limitations of the method of measuring the MP must be taken into account. Regarding that used in the present study, heterochromatic flicker photometry, as it is based on psychophysical methodology, differences in the exact point on which the subject focuses his 16 or her view to detect the flicker (border or center of the stimulus) could lead to a bias toward lower values [24] . In older subjects, although the percentages are usually small, more than one measurement is required before satisfactory results are obtained [39] . Thus, it is important that manufacturer's guidelines be well expressed and correctly followed to ensure reliability and reproducibility [40] . In general, significant correlations between variation in MPOD and immediate effects on visual function [33] have been reported, but as there are no gold standard techniques or test parameters to assess visual performance [6] , results from the literature are difficult to compare.
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
MPOD, together with serum lutein, was found to predict CT, with and without glare, in the older group (45-65 y). This would be the target population for an improvement in vision quality through dietary means, given that a higher intake of a variety of fruits and vegetables and food supplements has been shown to produce an increase in serum lutein and in MPOD [12, 41] , with no adverse effects reported to date at the concentrations supplied [42, 43] .
Futhermore, F+V intake was identified as the only predictor in the younger group (without glare). Additional studies are required to better understand why those who could benefit from a higher intake of lutein were the older subjects, who already had higher fruit and vegetable intake and serum lutein concentrations, compared with the younger group. [23] Olmedilla-Alonso B, Beltran-de-Miguel B, Estevez-Santiago R, Cuadrado-Vives C.
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Curves show significant correlations in the younger group (solid curved lines) and older group (hatched curved lines).
a Only at higher-degree visual angles. Table 3 . Correlations of contrast threshold (without and with glare) with MPOD, serum lutein+zeaxanthin / cholesterol+triglycerides, serum lutein and fruit + vegetable intake of subjects a . Figure 2 . The relationship between MPOD and CS, with and without glare, at six levels of stimuli in the two age groups.
